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ABSTRACT

Analysis of attitnde sensor data from the Aqua
mission showed small but systematic differences
between batch least-squares and extended Kalman
filter attitudes. These differences were also found to
be comelated with star tracker residuals, gyro bias
estimates, and star tracker baseplate temperatures.
This paper describes the analysis that shows that these
correlations are all consistent with a single cause:
time-dependent thermal deformation of star tracker

These varying alignments can be separated into
relative and common components. The relative
misalignments can be determined and compensated
for. The common misalignments can only be
determined in special cases.

1. INTRODUCTION
The Aqua spacecraft was launched on May 4, 2002

into a nearly circular, sun-synchronous, polar orbit
Primary attitude sensors consisted of two Charge-

Coupled Device (CCD) Star Trackers (ST). These

sensors, together with an inertial reference umit
(IRU)—also referred to as gyros, are designed to
‘maintain the spacecraft at an Earth-pointing attitude
with an attitude knowledge requirement of 25 arcsec
(30) on all axes.

The National Aeronautics and Space Administration
(NASA) Goddard Space Flight Center (GSFC) Aura
flight dynamics attitade team had the responsibility of

verifying that the onboard attitude system was

achieving the required accuracy. For Auma the
attitude validation using a ground batch least-squares
(BLS) algorithm showed significant attitude
differences (on the order of +15 arcsec). This paper
discusses identification of the source of these
differences. :

Section 2 describes the observations that led to the
ultimate conclusion that the attitude differences were
due fo a thermally-induced variation in the star tracker
alignments. Section 3 presents analysis that isolates
the time-dependent misalignments into relative and
common components. This section shows how the
relative misalignments may be compensated, what the

effects of this compensation are, and why
compensation for the common misalignments is more
difficult. Section 4 summarizes the results and

“presents conclusions that will affect subsequent

similar missions (for example Aura).

2. OBSERVATIONS

Attitnde validation is normally accomplished by
comparing ground BLS with onboard extended
Kalman filter (EKF) attitude solutions. The ground
solutions are considered more accurate becanse:

o 2 larger star catalog is used
e more complete star identification algorithms are
available

» star position corrections (such as for velocity
aberration and precession) can be used

e 3 more accurate, post-facto definitive ephemeris
is osed.

For Aqua, differences between onboard and ground
attitude solutions varied in a range of about %15

arcsec [1-4]. These differences appeared to repeat .

with a period similar to the orbital period (about 6000
seconds). Fig. 1 compares the EKF and BLS attitudes
over a period of three orbits.

All plots of EKF data in this paper were computed
using a ground EKF. The cited references show that
the results of the ground EKF are almost identical to
those of the onboard EKF. The data used were from a
three day period (19-21, June 2003).

Initial analysis attempted to determine if the observed
attitude differences were caused by a change in gyro
bias. The gyro bias variation was presumed to be

thermally indaced.  Variations in gyro bias would

appear as differences between EKF and BLS solutions
because the BLS algorithm assumes a constant gyro
bias over the batch, whereas the EKF estimates time-
varying biases.

The gyro biases were found to vary regularly with a
period of several orbits. In initial studies, the repeat




period was 4-orbits but with later data it reduced to 3-
orbits! :
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Fig. 1. Attitnde Differences Between EKF and BLS
Agua Attitudes Over a Three Orbit Period

To model these periodic variations in  Aqua
measurements, a parameter referred to as “3-orbit
phase” was developed. The 3-orbit phase is identical
to orbit phase but continues to imcrease for three
satellite revolutions (from 0 to 1080 degrees (deg)).
Fig. 2 shows the compuated X-, Y-, and Z-gyro biases
plotted against 3~orbit phase. .

The data nsed in this analysis were taken from a 3-day

continzcus span of Aqua observations. This span
covers 44 full orbits and represents almost 15 separate
cycles of 3-orbit phase. The data (in this case gyro
bias) were grouped in bins within a range of 3-orbit
phases. The range was generally 1 deg. For each bin,
the corresponding value is calculated as the mean of
all samples within the bin, and the mncertainties as the

standard deviations over the samples within the same

bin.

Thus, each point in Fig. 2 represents the mean of all
computed gyro biases at the cormresponding 3-orbit
phase in bins of 1 deg. Superimposed on these values
-are error bars representing their standard deviations.
The repeatability of the biases is striking.

Fig. 3 shows the comresponding residuals from star
tracker 1. The residuals are defined as the vector
difference between the body frame star tracker
measurements and the star tracker reference vectors,
converfed into the body frame using the cumrent
attitude estimate. The star trackers have a square, 8-

deg. field-of-view (FOV) and are situated with their

boresight unit vectors approximately [0.67 0.66 -0.34]
and [-0.67 0.66 -0.34] in the body frame.
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Fig. 2. Mean and Uncertainty of EKF Gyro Biases as
Functions of 3-Orbit Phase
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Fig. 3. Mean and Uncertainties of Star Tracker 1
Residuals Biases as Functions of 3-Orbit Phase

The systemafic patterns in biases, residuals, and
attitode differences, were not due to variation of the
gyro temperatores. A temperature sensor at the IRU
showed no significant temperatore variations. In
contrast, a temperature sensor at the star tracker
baseplate showed exactly the patiern of variation
shown by the gyro biases. Fig. 4 shows these
temperatures plotted against orbit phase, in the upper
portion, and against 3-orbit phase, in the lower
portion. All observed temperatures at 8 second
intervals are included in this figure as dots (+). The
width of the “lines” is indicative of the variability of
temperatures that occur at the same 3-orbit phase.

The 3-orbit repeat time of the paftern arises from
activation of a heater. In each orbit the star tracker
baseplate temperature increases during the sunlit
portion of the orbit and decreases in darkness.
Superimposed on this periodic variation is a constant
decrease in temperature. When the temperature falls
below a threshold (at orbit phase of about 300 deg in
the third orbit) a heater is activated, raising the




temperature to the starting point of the cycle. Early in
the mission, the secular cooling frend was slower and
the heater activated only every 4 orbits. This explains
the change from a 4-orbit cycle to a 3-orbit cycle.
Because the star trackers are not directly exposed to
the Sun, there is a lag time in the heating and cooling.
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Fig. 4. Star Tracker 1 Baseplate Temperatures
(deg C) as Function of Orbit Phase and 3-Orbit Phase

The origin of the 3-orbit phase representation is
arbitrary. Here, it is consistently defined so that the
orbit in which the heater is activated has 3-orbit phase
from 0 to 360 deg.

Similar patterns can be found in examining the star
tracker residuals and the differences between EKF and
BLS attitudes. The patierns are less apparent because
of random variations in the properties compared
Analysis was performed in an attempt to understand
the cause of these variations.

The coincidence of the pattem of star tracker
baseplate temperature and variations in gyro biases,
sensor residuals, and attitude differences must be
causal. However, there is no simple correlation
between temperatre and any of the observed
parameters.

The following analysis shows that variation in star
tracker alignment explains all of these observations.
The alignment variation is expected to be a fanction
of secular and spatial temperature gradients in
addition to the temperature.

3. ANALYSIS

Temperature variations can easily cause alignment
shifts. If the star tracker alignments change, the
residuals (differences between observed and reference
star vectors) will not be consistent with gyro
measurements. The effect of this inconsistency on the
filter is to cause a change in the solution. The change
will be distributed between the attitude and the gyro
bias depending on how the filter is tuned.

To better understand the details of the effect of sensor
misalignment changes on attitnde and gyro bias
solutions, it is useful to scparate misalignments into
two types: relative misalignments and common
misalignments.

Relative misalignments are misalignments that change
the relative position of two sensors but do not change
their mean positions. Common misalignments are -
misalignments that change the positions of two .
sensors together, so that their relative position remains
the same but their mean position changes. Individual
changes in alignment of two sensors can always be
expressed as changes in relative and common
misalignments.

3.1 Relative Misalignments

Relative misalignments can be directly observed and
computed using attitude independent algorithms. The
3-day span of Aqua data investigated was divided into
periods during which the spacecraft moved 5 deg. of
orbit phase (about 82 seconds). During each of these

" periods, the AliCal [5] algorithm was used to compute

the relative misalignment of the two star trackers.
The solutions for common 3-orbit phases were
averaged and the standard deviations of the samples
computed. Fig 5 shows the resulting mean relative
misalignments for tracker 1 and their associated
uncertainties.

The misalignments in Fig. 5 are plotted in a mean
boresight frame. This frame is defined so that its Z-
axis is the mean of the two tracker boresights and its
Y-axis the cross product of the two boresights. In this
frame, the relative misalignment (which changes the
scparation of the boresights) is primarily a rotation
about the Y-axis. Vectors in the mean-boresight frame
are indicated by the subscript “m”.

Relative misalignments of two sensors have equal
magnitudes and opposite signs in the mean coordinate
system so only tracker 1 misalignments are shown.
Misalignment components corresponding to rotations
around the Y,-axis result in sensor measurement
residuals in the two sensors that are also equal in
magnitude and opposite in sign. These residunals
mfluence the aftitude determination system in
opposite directions and produce no net attitnde change
and no net EKF bias change.

Misalignment components corresponding to rotations
around X, produce Z,, changes in aftitude and EKF
biases while misalignments around Z,, produce X,
attitude and EKF bias changes. All components of the
relative misalignment reduce sensor residuals.
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Fig 5. Mean-Boresight Frame Tracker 1
Misalignments vs. 3-Orbit Phase

The calculated misalignments can be applied in a
number of ways. The three most common are to
apply half of the relative misalignment to each
tracker, keeping the mean unchanged in the body
frame. Alternatively, the entire misalignment can be
applied to either tracker alone, keeping the nmaltered
tracker unchanged in the body frame.

Placing equal amounts of misalignment on each
tracker compensates for relative misalignment
Placing all of the misalignment on one tracker also
compensates for relative misalignment but, in
addition, causes a shift of the common misalignment.

Fig. 6 shows the effect of these misalignment
compensations on the X-axis gyro bias. The effects
on the other gyro biases are similar.

Comparison of the top plot in Fig 6 (misalignments
applied to both trackers) with the top plot in Fig 2 (X-
axis) shows that compensation for relative
misalignment does not sigpificantly remove the
pattern of gyro biases. In Fig. 6 the gyro bias pattern
is more difficnit io see becaunse in addition to other
sources of noise, the applied misalignments have a
sizeable uncertainty.

The change in the pattern of gyro biases seen in the
lower 2 plots of Fig. 6 is due to compensation for
common misalignment and will be discussed below.

Similar results are obtained for attitude differences as
shown in Fig. 7. This figure shows the differences in
between attitudes computed with no misalignment
compensation, with those compensated in three ways.
Application of relative misalignments to both trackers
(top plot in Fig. 7) results in only small attitude
differences. The Z-axis was chosen for this ﬁgure

because the pattern of attitude changes (see Fig. D is

most distinct.
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Fig. 6. X-Axis Gyro Biases After Compensation for
Relative Misalignment

z Atmude Differences (an:sec) Correction on Both Trackers
1 _ X,
: : e 2 a; 5
§ ”g ;
i A

I
% : it T
i HIES i k3
i i i i ﬁg
o 0 xo ws Rix 3 =00 @02 s =3 0 TR0

3-Orbit Phase {deg)

Fig. 7. Z-Axis Differences Between Attimdes Before
and After Compensation for Relative Misalignment

In contrast to the lack of changes in attitnde and gyro

" biases, the tracker residnals are changed greatly by

removal of the relative misalignment. These changes
are iflustrated in Fig 8 for the X-axis residuals in
tracker 1. All axes on both trackers show comparable
results. The pattern of variation in residuals has
almost completely disappeared as compared to that in
Fig. 3. This result is produced regardless of how the
relative misalignments are applied.

Considering only the case with both trackers
compensated for relative misalignment (and therefore
with unchanged common misalignment), the resuits
shown in Figs. 6-8 can be easily explained. The EKF
responds solely to gyro measurements and sensor
error signals (the differences between expected and
measured sensor values). When the relative
misalignments are compensated to an equal extent on
both trackers, the tracker error signals will decrease.
This decrease will be about the same size, but



opposite in sign, on the trackers. Thus, the effect of
the decreased residuals input to the EKF from one
tracker will beé nearly exactly compensated by the
decreased residuals from the other tracker. The output
of the EKF (biases and attimdes) will be almost
unchanged.
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Figure 8. X-axis Star Tracker 1 Residuals After
Compensation for Relative Misalignment

3.2 Common Misalignments

‘When the relative misalignments are compensated, an
attempt can be made to evaluate the changes in
common nisalignments as a function of time. If the
common misalignment of the trackers varies, the
measured gyro bias and attitude may also vary.

If the biases obtained after compensation for relative
misalignment are compared (see Fig. 6), it is found
that the bias computed afier compensating the two
trackers equally is nearly identical to the mean of the
- biases obtained by compensating each tracker
separately. Compensating the two trackers equally
does not change the common misalignment.
Compensating them separately changes the common

misalignment in equal and opposite ways. It is

therefore evident that the variation in biases is due to
change in common misalignment.

The spacecraft’s control system is designed to keep
the spacecraft Z-axis pointing towards the Earth It
causes the spacecrafl to rotate approximately .06
deg/second (@,) around the Y-axis. The star trackers
provide the only knowledge of the spacecraft attitude,
so their common movement changes the axis about
which this rotation occurs. The rotation is controlled
with respect to a frame based on the star trackers but
varies in the body frame because of the time-varying
common-misalignment of the trackers.

Assuming the gyro alignment does not change with
respeci io the body frame, (he spacecraft rotation axis
will move relative to the gyros. The measured gyro
rates will reflect spacecraft rotation about a time-
dependent body axis. Neglecting the responsiveness
of the onboard attitude determination and control, the
attitude will always be controlled to nominal, and the
inconsistent measured gyro rates will be compensated
for principally by time-varying gyro biases (this
compensation. will depend on the “hining” of the
EXF). :

The transformation from the body frame to the tracker
frame can be represented by a time-dependent Euler
rotation vector of [, 4, &1". The transformation
from the tracker to the body frame is represented by
[-&. -4, -¢,]T and the rotation rate in the tracker
frame by [0, @, 0)". Using e to represent the
components of the umit vector from these Euler
rotation vectors, and & to represent its magnitude, the
projection of @, on the body axes is given by:

ee (1-cos®)—e,sin®

®

s

- e,=| cosD+eii-cos®D) |o

ee.(1-cos®)+e, sind

For small rotations, an excellent approximation of
Eqn. (D)is:

¢X

In addition to detecting the projections of the large
rate, @, gyros detect rates due to the movement of the
body by the control system in order to keep the time
varying star tracker frame pointed nominally. These
rates are just the time derivatives of the negative of
the common misalignments. The total measured gyro
rates, including troe biases, by, are approximately:

-¢; &x be
0,z 1 |o,- é, +|b, ®
¢x ¢z bzo

The bias computed by the EKF will be the difference
between the gyro measured rate and the rate in the
tracker frame. These are controlled to be: [0, @, 0]".

In the ideal case, EKF biases are approximately:
b=b,-04,-9, @
b,=b,— 4, : 5)
b=by,+o04 9, ®)




If the common misalignments have the same
approximate  magnitudes as  ihe  reiative
misalignments, they have a range on the order of 10
arcsec. From Fig. 2 it is apparent that misaligriments
can change over this range in about 1000 seconds.
The terms 4 and ¢ are therefore similar in magpitude
and neither can be ignored.

Even if nome of the terms in Eqpos. (4-6) are
negligible, Eqn. (5) should be relatively simple to
solve for ¢, if the true bias is known. In this case the
y-misalignment at any time, £, is given by:

8,0 =[b,~b,)dr 0

It is also possible to approximately solve the coupled
differential equations (4) and (6). Such a solution
requires knowledge of the true biases and the x- and
z-misalignment angles at the imitial time.

Attempts to solve these equations produced resuits
that were inconsistent with the observations. The
solutions for ¢, were not periodic, while those for &
and ¢,, although periodic, increased in magnitude with
time.

The explanation of this failure arises from any of a
number of approximations including that of optimum
EKF tuning. ' Tuning changes how the effect of the
tracker residuals is partitioned between attimde and
bias changes. For Eqns. (4-6) to be valid, the EKF
biases must represent the entire effect of the common
misalignment change. This condition implies that the
tracker data must be considered extremely reliable.

For Aqua, large vibrations occur due to the operation
of the payload instruments. These vibrations produce
" the equivalent of significant mnoise onm tracker
measurements. In tumn, this large noise term prevents
accurate integration of the equations.

Despite the failure to integrate Eqns. (4-6), some
conclusions can be made about the common
applied to tracker 2, the pattern seen in the gyro biases
(see Fig. 6) is much less evident than if the
misalignments are applied solely to tracker 1.
Applying the misalignment to tracker 2 moves the
mean of the trackers towards tracker 2. Clearly the
common misalignment has a similar effect.

4. CONCLUSIONS

The Aqua spacecraft displayed larger than expected
differences between ground and onboard attitude
estimates. These differences have a periodic nature
and are accompanied by periodic changes in gyro

biases and star tracker residuals. They are caused by
thermal changes in tracker aligninents.

The thermal changes in star tracker alignment resulted
in periodic variations in calculated gyro biases,
attitude differences, and sensor residuals. The time-
varying relative misalignments can be determined and
compensated, but computation of the common
misalignments is more difficult. Compensation for
the relative alignment changes reduces the sensor
residuals but has little effect on the attitnde or gyro
biases. '

Although the attitude variations accompanying these
alignment shifts are within Aqua specifications, there
have been some concerns about the Aura mission
(which has a virtually identical platform). The
payload instruments on Aura may be more sensitive to
attitude deviations than those on Aqua. Several
operational possibilities have been discussed for Aura
including raising star trackers temperatures and
reducing their temperature variation.
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